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Abstract 
 
Solid oxide fuel cells (SOFCs) are devices that convert chemical energy to electrical energy 
directly through electrochemical oxidation of a wide variety of fuels with high efficiency and low 
emissions. Recently, significant efforts have focused on lowering the operating temperature to 
enhance long-term stability and reduce the manufacturing costs.
1,2 
The success relies on the 
development of highly active cathode materials for intermediate temperature applications because 
the cathode polarization is a limiting factor to cell performance at low temperatures.
3,4
 
 
Recently, layered perovskite oxides have been focus on one of the candidate materials for 
intermediate-temperature SOFCs, owing to their substantially high electrical conductivities, rapid 
oxygen exchange, and fast oxygen diffusion characteristics. In this dissertation, the alternative 
cathode materials with adequate electrochemical activity and comparable TEC would be designed, 
which is the main issues to development of the intermediate temperature SOFCs. In this dissertation, 
some cathodic concept for improved performance would be suggested as following, 
 
(1) Investigate the composite cathodes composed of NdBa0.5Sr0.5Co2O5+ and Ce0.9Gd0.1O1.95 
(GDC) for optimized ratio between two materials to superior electrochemical properties under 
operating condition & The possible reaction zones for oxygen reduction reaction (ORR) on 
composite cathode 
 
(2) Study the effect of Mn substitution for Co site on electrochemical properties of the 
NdBa0.5Sr0.5Co2-xMnxO5+with reasonable TEC comparable with electrolyte materials.  
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1. Introduction  
 
1.1. The basis of fuel cells 
 
Fossil fuel combustion has contributed significantly to the accumulation of atmospheric 
greenhouse gases for environment pollution causing health problems in many urban areas and 
also contributed significantly in detrimental global climate changes. For the sake of sustainable 
development and environmental protection, it is essential to reduce the alarming consumption 
rate of finite fossil fuel reserves and search for alternative fuels and energy sources. Fuel cells 
will churn out product (electricity) as low as raw material (fuel) is supplied. This is the key 
difference between a fuel cell and battery. While both rely on electrochemistry to work, a fuel 
cells are not consumed when it produce electricity. In this view, fuel cell is like a factory, which 
transforms the chemical energy stored in a fuel into electrical energy. Since fuel cells produce 
electricity directly from chemical energy, they are often far more efficient than combustion 
engines. Fuel cells can be all solid state and mechanically ideal, meaning no moving parts. This 
yields the potential for highly reliable and long-lasting system. A lack of moving parts also 
denotes that fuel cells are silent. Also, negative products such as NOx, SOx, and particulate 
emissions are virtually zero
1
.  
The current (electricity) produced by fuel cell scales with the size of the reaction area where the 
reactants, the electrode, and the electrolyte meet. In other words, doubling a fuel cell‟s area 
approximately doubles the amount of current produced.  
Fuel cells are usually made into thin, planar structures, to provide large reaction surfaces that 
maximize surface-to-volume ratios, as shown in Fig. 1.1. The electrodes are highly porous to 
further increase the reaction surface area and ensure good gas access. One side of the planar 
structure is provisioned with fuel (the anode electrode), while the other side is provisioned with 
air (the cathode electrode). A thin electrolyte layer spatially separates the fuel and oxidant 
electrodes and ensures that the each half reaction happens in isolation from one another
1
.  
 
Figure 1.1 The schematics of planar fuel cells
2 
2 
 
1.2. Solid oxide fuel cells  
1.2.1. Principles of SOFC operation 
 
Solid oxide fuel cells (SOFCs) are the most efficient devices yet invented for conversion of 
chemical fuels directly into electrical power. The advantage of SOFC is the simpler in concept 
compared to the other type of fuel cell systems as only two phases are required for fuel cell 
reaction (gas and solid)
 3
. The conventional SOFC‟s operate at high temperature (800-1000 oC). 
Currently, there is an increasing interest in the development of SOFC‟s operating at intermediate 
temperatures
4-6 
(IT-SOFC; 600 – 800 oC). The main difficulty with SOFC‟s operating at 
intermediate temperatures is the significant decline in performance mainly due to lower ion 
conduction of the electrolyte, and to a strong cathode polarization. Solution to improve the cell 
performance includes the use of alternative electrolyte and electrode materials, besides a decrease 
in the electrolyte thickness
5,7,8
. In the SOFC, the overall cell reactions of fuel cells are given in 
equation 1.1, 1.2 and 1.3, respectively.  
 
Anode reactions  

 eOHOH 2
2
2
2
    Eq. 1.1 
Cathode reactions  


2
2
24 OeO     Eq. 1.2 
Overall cell reactions  OHOH
222
2
1
     Eq. 1.3 
 
The operating step of SOFCs is same as that of the typical fuel cells in upper diagram, which is 
that the negatively charged ions are transferred from the cathode through the electrolyte to the 
anode. At the cathode, the oxygen reduction reaction (ORR) occurs by accepting electrons from 
the external circuit. The produced oxide ions pass through the electrolyte to the anode side and 
combine with the protons produced by the oxidation of hydrogen or other fuels to produce water. 
This reaction occurs at the three-phase boundary (TPB)
9,10
. The TPB is the interfacial area among 
electrode, electrolyte, and gaseous fuel where the overall reaction occurs (Fig. 1.2). Through this 
process, chemical energy is directly converted into electrical energy. To increase the active area, 
a porous electrode structure is used while the dense electrolyte provides a physical barrier to 
avoid the direct mixing of fuel and air.  
 
3 
 
 
Figure 1.2 Schematic diagram of three phase boundary (TPB) 
 
 
1.2.2. Electrochemical performance of SOFC 
 
The performance of a SOFC device can be summarized with a graph of its current-voltage 
characteristics. This graph, called a current-voltage (i-V) curve, shows the voltage output of the 
fuel cell for a given current output (Fig. 1.4; Note that the current has been normalized by the 
area of the SOFC, giving a current density (A cm
-2
)). An ideal SOFC would supply an amount of 
current (as long as it is supplied with sufficient fuel), while maintaining a constant voltage 
determined by thermodynamics. In reality, however, the actual voltage output of a real SOFC is 
less than the ideal thermodynamically calculated voltage. Furthermore, the more current that is 
drawn from a real fuel cell, the lower voltage output of cell, limiting the total power that can be 
delivered. The power (P) delivered by a SOFC is given by the product of current and voltage
1
.  
 
P = iV    Eq. 1.4 
 
A power density curve, which gives the power density delivered by a SOFC as a function of 
the current density, can be constructed from the information in a SOFC i-V curve. The power 
density curve is generated by multiplying the voltage at each point on the i-V curve by the 
corresponding current density. An example of combined SOFC i-V and power density curves is 
provided in Fig. 1.3. SOFC voltage is given on the left-hand y-axis, while power density is given 
on the right-hand y axis.  
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Figure 1.3 Combined fuel cell i-V and power density curves
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The current supplied by a SOFC is directly proportional to the amount of fuel consumed (each 
mole of fuel provides n moles of electrons). Therefore, as fuel cell voltage decreases, the electric 
power produced per unit of fuel also decreases. In this way, fuel cell voltage can be seen as a 
measure of fuel cell efficiency. In other words, you can think of the fuel cell voltage axis as an 
“efficiency axis”. Maintaining high fuel cell voltage, even, under high current loads, is therefore 
critical to the successful implementation of the technology.  
Unfortunately, it is hard to maintain a high SOFC voltage undercurrent load. The voltage 
output of a real SOFC is less than thermodynamically predicted voltage output due to irreversible 
losses
1
. The deviation of the practical cell voltage from the theoretical value is affected by 
several factors such as electrolyte thickness, operating temperature, electrode/electrolyte 
materials, electrode microstructure, and gas flow rate. The difference between the actual cell 
potential and theoretical potential is defined as polarization or over-potential (η). The actual 
voltage output for a fuel cell can thus be written by starting with thermodynamically predicted 
voltage output of the fuel cell and then subtracting the voltage drops due to the various losses
1
: 
 
V = Ethermo - ηact - ηohmic - ηconc    Eq. 1.5 
 
where,  
V = real output voltage of fuel cell 
Ethermo = thermodynamically predicted fuel cell voltage output 
ηact = activation losses due to reaction kinetics 
5 
 
ηohmic = ohmic losses from ionic and electronic conduction 
ηconc = concentration losses due to mass transport 
 
The three major losses each contribute to the characteristic shape of the fuel cell i-V curve. The 
activation losses, especially, mostly affect the initial part of the curve; the ohmic losses are most 
apparent in the middle section of the curve, and the concentration losses are most significant in 
the components of the i-V curve.  
The activation potential is generally related to the rate determining step, charge transfer or the 
surface exchange reactions in the electrode. For the electrode reaction to occur, the activation 
polarization can be understood as the over-potential consumed to provide the activation energy 
for the redox reactions in the electrode. The relationship between current density i and activation 
potential ηact can be expressed by the Butler-Volmer equation as
1
 
 











 





 

RT
nF
RT
nF
ii
actact

exp
)1(
exp
0
  Eq. 1.6 
 
where, i0 is the exchange current density, α is the charge transfer coefficient, and η is the over-
potential to drive the reaction. When the irreversibility is rare, ηact can be written as the Tafel 
equation
1
: 
 
iba
act
log     Eq. 1.7 
 
Where a and b are constants and b is called the Tafel slope, representing the catalytic activity 
a smaller slope means better activity.  
  The ohmic polarization (over-potential) is related to the contact resistance between the cell 
components. It also includes ionic resistance in the electrolyte, electronic resistances in the 
electrodes (cathode and anode), interfacial resistance between the electrodes and electrolyte, 
and wire resistance in the external circuit. 
Ri
ohmic
     Eq. 1.8 
  The concentration factor (ηconc) is from the change in concentration of the reactants at the 
surface of the electrodes as the fuel and oxidant are used. When the reactants cannot be supplied 
fast enough to maintain the rate of the electrode reaction, depletion of reactants causes the 
concentration polarization. The concentration polarization (ηconc) can be uttered as; 
6 
 









l
conc
i
i
nF
RT
1ln    Eq. 1.9 
 
where il is the limiting current when the electrode reaction is completely governed by mass 
transfer.  
  The total over-potential (polarization) in the fuel cell system is the sum of three principal 
polarizations as
1
; 
 
concohmicacttotal
     Eq. 1.10 
 
1.2.3. Challenges of SOFC 
 
The challenges for the SOFC community are to reduce cost and increase reliability. These 
challenges extend from the cell itself, to the stack interconnect and seals, to the balance of plant. 
Table 1.1 shows the component issues to commercialize the SOFCs
12
.  
 
Table 1.1 Challenges of SOFCs 
Cathods 
Improved performance 
 Improved microstructure 
 Reaction mechanisms 
 Component interactions 
 Mixed conductivity 
 Cost 
Anodes 
Oxygen, sulfur, and carbon tolerance 
 Re-oxidation when exposed to air 
 Sulfur tolerance 
 Carbon tolerance 
 Internal reforming 
 Cost 
Electrolyte 
Oxide conductivity and stability 
 Volatility of oxide or metallic species 
 Oxide resistance 
 Thermal expansion  
 Cost 
Seals 
Leakage and stress 
 Hydrogen Leakage 
 Rigidity of stack 
 Volatility and stability of seal materials 
 Cost 
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1.3. The components of solid oxide fuel cells 
 
A solid oxide fuel cell essentially consists of two porous electrodes separated by a dense, 
oxygen ion conducting electrolyte. The materials for different cell components have been 
selected based in the following criteria.  
- Sufficient electrical conducting properties required of different cell components to perform 
their aimed cell functions.  
- Adequate chemical and structural stability at operating temperatures as well as cell 
fabrication.  
- Minimal reactivity and inter-diffusion among different cell components. 
 
1.3.1. Cathode 
The air electrode (cathode) operates in an oxidizing environment of air or oxygen at operating 
temperature and contributes in the oxygen reduction reaction (Eq. 1.2). Oxygen in the gas phase 
is reduced to oxide ions, consuming two electrons in the process. The air electrode in SOFCs has 
to meet the following requirements
13
.  
 
(a) High electronic conductivity 
(b) Chemical and physical stability in environments encountered during cell operation and 
fabrication of interconnection, electrolyte and fuel electrode layers.  
(c) Thermal expansion and minimum reactivity with other cell components 
(d) Compatibility and minimum reactivity with the electrolyte and interconnection with which 
air electrode comes into contact. 
(e) Sufficient porosity to facilitate transport of molecular oxygen from the gas phase to the air 
electrode/electrolyte interface.  
 
To satisfy these requirements, lanthanum manganite suitably doped with alkaline and rare 
earth elements is used conventionally. Lanthanium manganite is a p-type perovskite oxide and 
show reversible oxidation–reduction behavior. The material can have oxygen excess or 
deficiency depending on the ambient oxygen partial pressure and temperature. Although, it is 
stable in air and oxidizing atmospheres, it dissociates at 1000 
o
C at oxygen pressures ≤ 10-14 atm. 
The electronic conductivity of lanthanum manganite is caused by hopping of an electron hole 
between the +3 and +4 valence state of Mn. This conductivity is enhanced by doping with a 
divalent ion such as calcium or strontium. The defect chemistry electrical conduction, and 
cathodic polarization behavior of doped lanthanum manganites have been studied in detail
14,15
, 
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and alkaline earth doped lanthanum manganite has been found to satisfy all the requirements to 
be an effective cathode material. Furthermore, the reactivity and inter-diffusion researches
16,17 
between doped lanthanum manganite and yttria stabilized zirconia (YSZ) electrolyte have shown 
any interactions between these two materials at 1000 
o
C to be minimal.  
However, the high operating temperature (over 800 
o
C) leads to thermal degradation and 
limitations in the interconnect materials. These problems have generated immense interest in 
reducing the operating temperatures to an intermediate level of 500 – 800 oC. Although 
lanthanium manganite show acceptable electronic conductivity, it show poor oxide ionic 
conductivity and inadequate catalytic activity at intermediate temperatures because of the 
stability of Mn
4+
 ions and the difficulty of creating oxygen vacancies in the lattice. These 
difficulties have generated enormous interest in the development of alternative mixed oxide ion 
and electron conducting (MIEC) materials that can exhibit high oxide ion and electronic 
conductivities as well as also high catalytic activity for the oxygen reduction reaction at 
intermediate temperatures.  
In this respect, La1-xSrxCoO3-(LSC) has been attracted attention due to their high ionic and 
electrical conductivity at intermediate temperatures
7,18-20
. The LSC cathode shows high oxygen 
diffusivity due to the large amount of oxygen vacancies
18,19
. However, it tends to react with YSZ, 
resulting in forming secondary phases. In addition the thermal expansion coefficient of LSC (22-
24 × 10
-6
 
o
C
-1
), arising from the spin transition of Co with increasing temperature
18,23,24
 This large 
thermal expansion mismatch between the cathode and the electrolyte causes delamination or 
cracks in the cathode layer during fabrication of thermal cycling of SOFC. Partial substitutions of 
other transition metal cations such as Mn, Fe and Ni for Co could relive the high thermal 
expansion of Co containing oxide This substitutions decrease the thermal expansion coefficient 
(TEC) since the high spin Mn
3+
, high spin Fe
3+
, and low spin Ni
2+
 ions do not undergo spin state 
transitions on heating to high temperatures. In addition, Mn and Fe provide a stronger binding of 
the oxygen in the lattice, resulting in a decrease in the amount of oxygen loss from the lattice and 
minimal changes in the sizes of the B cations
25,26
. Therefore, the materials such as La1-xSrxFe1-
yCoyO3-(LSCF) drive moderate TEC with sufficient cathode performance due to the decreased 
Co content
19,28,29
.  
As part of an investigation of new cathode material especially for intermediate temperature 
SOFCs, the perovskite based layered LnBaCo2O5+ (Ln = Lanthanide) oxides have become one 
of promising cathode materials because of their rapid oxygen diffusion and surface exchange 
kinetics and high electrical conductivities
29,30
. The ideal structure of this LnBaCo2O5+where can 
be generated by the stacking sequence, BaO/Co2O/LnOx/CoO2, to form structure closely related 
to the cuprate superconductors (Fig. 1.5). The excess oxygen atoms, which are mobile, are 
9 
 
located in the interstitial site between the LnO layers and may show highly anisotropic oxygen 
diffusion between the perovskite and fluorite structure.  
 
1.3.2. Electrolyte 
 
SOFCs are based on the concept of an oxygen ion conducting electrolyte through which the 
oxide ions (O
2-
) migrate from the air electrode (cathode) side to the fuel electrode (anode) side 
where they react with the fuel (H2, CO, etc.) to generate an electrical voltage. The SOFC 
electrolyte is an oxide ion conductor that transports the ionic charge between the electrodes and 
acts as a physical barrier to prevent the direct mixing between the fuel and the oxidant. It also 
should be thin enough to minimize ohmic losses and be stable and compatible with other cell 
components at high temperatures. The requirements for electrolyte material can be summarized 
as followings
31,32
, 
 
(a) High oxide-ion conductivity at operating temperature (> 0.05 S cm-1). 
(b) Little or no electric conductivity. 
(c) Good mechanical strength with fracture strength > 400 MPa at room temperature. 
(d) Good chemical stability in a wide temperature range.  
 
Yttria-stabilized zirconia, Zr1-xYxO2-0.5x (YSZ), rare earth doped ceria, and rare earth doped 
bismuth oxide have been widely investigated as electrolyte for a fuel cell (Fig. 1.4)
32,33
. Among 
these materials, YSZ has been most successfully employed. The yttria oxide dopant serves dual 
roles: it stabilizes the high temperature cubic phase in zirconia and also generates oxygen 
vacancies through the following defect reaction written in the Kröger-Vink notation:  
 

 
OOZr
ZrO
VOYOY 32
'
32
2    Eq. 1.11 
 
i.e. an oxygen vacancy is created for every mole of the dopant Y2O3. The high oxide ion 
conductivity in YSZ is attributed to these oxygen vacancies. Although YSZ provides sufficient 
ionic conductivity at high temperature (> 900 
o
C), it suffers from low ionic conductivity at 
intermediate temperatures (500 – 800 oC). To overcome this problem, it should be developed 
uniformly thin to minimize ohmic low, and have high ionic conductivity with transport number 
for oxygen ion conductivity with transport number for electrons as close to zero as possible (~ 40 
μm).   
Ceria-based oxides have been investigated as an alternative electrolyte due to their high ionic 
10 
 
conductivity and lower activation energy at intermediate temperature
34-37
. The ionic conductivity 
could be maximized by a substitution of Gd (GDC) or Sm (SDC) for CeO2
38
. However, the main 
deficiency of ceria-based electrolytes is the reduction of Ce
4+
 to Ce
3+
 ions at low oxygen partial 
pressures. This creates electronic conduction within ceria and leads to a consequent decrease in 
the efficiency. The problem can be answered by using buffer layer to prevent direct contact with 
fuels
39,40
. 
 
Figure 1.4  Temperature dependence of ionic conductivity for various oxide ion conductors
35
 
 
1.3.3. Anode 
 
  The fuel electrode must be stable in the reducing environment of the fuel, should be 
electronically conducting, and must have sufficient porosity to allow the transport of the fuel to 
and the transport of the products of fuel oxidation away from the electrolyte/fuel electrode 
interface where the fuel oxidation reaction takes place, i.e.: 
 

 egOHgHsO 2)()()(
22
2
  Eq. 1.12 
 
The reducing conditions present on the fuel side of an SOFC permit the use of a metal such as 
nickel as the fuel electrode. However, the thermal expansion of nickel is considerably larger than 
that of YSZ. Nickel can also easily sinter at the cell operating temperature causing a decrease in 
the fuel electrode porosity
13
. Therefore, conventional anode material for SOFC application is the 
Ni-YSZ cermet, which provides both good oxide ionic and electronic conductivity
41
. The Ni-
YSZ cermet anode has acceptable performance and low resistance to grain growth during the 
sintering with H2 fuel. However Ni experiences good catalytic activity for carbon cracking and 
11 
 
cause strong adsorption of H2S impurity from the fuel, resulting in performance degradation with 
hydrocarbon fuel
42-44
. An obvious alternative to Ni-YSZ are Ni-doped ceria cermet, in case ceria 
is used as electrolyte. Rare earth doped ceria provides advantageously high electrocatalytic 
activity that enables the direct oxidation of low hydrocarbon gases as well
45
.  
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2. Basics 
2.1. Mass and Charge transport in mixed conducting oxides 
 
We may first consider uncharged particles within an ionic solid. These particles are in 
equilibrium if their chemical potential,  , is spatially constant, i. e. 
 
0        Eq. 2.1 
 
The same condition applies for charged species in the absence of an electric field. The 
chemical potential is defined as the partial derivative of the Gibbs energy, G(T,p,n1,n2,...), with 
respect to the mole number, ni, of particles of type i: 
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     Eq. 2.2 
 
An alternative expression for the chemical potential is 
 
iii
aRT ln
0
       Eq. 2.3 
 
The constant μi
0
 is the standard chemical potential of particles i within the specific matrix, R, 
the gas constant and T the absolute temperature. The activity, ai, can be replaced by the 
concentration, ci, in cases where the distribution of the particles i is purely statistical (no 
interactions), which is normally fulfilled in “dilute” situations (i.e. low concentrations). A more 
general treatment considering also charged particles in non-zero electric fields allows the 
introduction of the electrochemical potential, ~ , defined as 
 
 ze
~      q. 2.4 
 
  is the electrical potential, z the charge number of the respective particle, and e the elementary 
charge. Then, the more general condition for spatial equilibrium reads 
 
0
~
       Eq. 2.5 
 If the gradient of the electrochemical potential is unequal to zero, a net particle flux, J, is 
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expected, which - for not too high gradients - is given by 
i
i
i
i
ez
J 
 ~~
22
     Eq. 2.6 
 
Here σ denotes the electrical conductivity. Eq.2.6 is the fundamental transport equation which 
can be derived within the framework of linear irreversible thermodynamics
1,2
. It is very general 
with respect to the nature of the “particle” i (charged or neutral, electronic or ionic, particle or 
defect) and the driving force (chemical or electric). Well-known special cases of Eq. 2.6 are 
Ohm s´ law (for 0  ) and Fick s´ law of diffusion (for 0   and ai = ci). These 
relationships have a wide validity range, showing that the linear approximation is often a good 
description for transport phenomena in ionic solids. The electrical conductivity, σi, is 
proportional to the concentration, ci, and the mobility, ui, of particles i:  
 
iiii
ceuz     Eq. 2.7 
 
When transport processes in solid compounds are considered, one particular type of particle is 
frequently much more mobile than the other(s). In such cases the partial lattice of the virtually 
immobile type of particle is chosen as the reference system
2
. For a mixed conducting material, 
the total conductivity, σtot, can be written as the sum over the partial conductivities of all 
electronic (electron) and ionic (ion) defects, provided that the charge carriers are transported 
independently of each other. In most cases, this is a good approximation. 
 
 
j
ionjionjionjelectronielectroni
i
electroniionelectrontot
ceuzceuz
,,,,,,
  Eq. 2.8 
The total conductivity is typically determined by either the electronic or the ionic term. For 
example, in the classical SOFC cathode material (La, Sr)MnO3±δ (LSM), σelectron is about 10 
orders of magnitude larger than σion at 800°C in air
3,4
, whereas in doped ZrO2 the ionic 
conductivity exceeds σelectron by at least 4 orders of magnitude under these conditions
5
. A material 
which exhibits both electronic and ionic conductivity is referred to as mixed ionic electronic 
conductor (MIEC), although this term is not strictly defined in the literature. In this work, the 
term mixed conductor will be used in a rather narrow sense, i.e. for materials were σelectron and 
σion are both high and differ not by more than a few orders of magnitude. Hence, LSM is not 
regarded as a MIEC within the framework of this thesis. 
A general way to obtain materials with high ionic conductivity is to increase their effective 
charge carrier concentration by aliovalent doping. ZrO2 may be considered as an example, the 
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material on which the phenomenon of ionic conduction in solids was discovered by Nernst in 
1899
6
and theoretically explained by Wagner, C. in 1943
7
: If ZrO2 is doped with metal oxides 
such as CaO, Y2O3 or Sc2O3, the di- or trivalent metal cations replace tetravalent zirconium ions 
in the ZrO2 crystal lattice. For charge compensation, vacancies in the oxygen sublattice (and also, 
to a minor degree, electronic defects) are generated. Since typical dopant concentrations in solid 
state ionics are of the order of 10 %, a large number of oxygen vacancies is introduced into ZrO2 
by this procedure. The result is a material with a high ionic conductivity at elevated temperatures 
(e.g. 2.5 × 10
-2
 S cm
-1
 for 9 mol% Y2O3-ZrO2 at 750°C
8
). The movement of ionic defects is a 
thermally activated hopping process. Empirically, a relationship  






kT
E
T
A
exp~)(    Eq. 2.9  
 
is often found, with a typical activation energy of ~ 0.8 eV at higher temperatures. Besides 
temperature-dependent defect concentrations, the activation of the hopping process is the main 
reason for the strong temperature dependence of the ionic conductivity in many ceramic 
materials. 
 
2.2. Electrochemical process at solid oxide fuel cell cathodes 
 
One of the main objectives of this thesis was to gain a better understanding of the 
electrochemical processes involved in the oxygen reduction at SOFC cathodes. The sum reaction 
at the cathode is easily expressed by the following formula:  
 
)(2)(4)(
2
2
eelectrolytOelectrodeegasO

   
Eq. 2.10  
 
On a more elementary level, however, this reaction is quite complex and comprises a number of 
single steps such as diffusion, adsorption, dissociation, ionization and finally incorporation of 
oxygen into the crystal lattice of the electrolyte. In general, one may distinguish two reaction 
mechanisms: the surface- and the bulk path (Fig. 2.1). Following the surface path, O2 molecules 
from the gas phase adsorb on the surface and diffuse to a so-called “three phase boundary” (TPB) 
where electrode, electrolyte and gas phase are in contact. At these electrochemically active 
regions, oxygen is incorporated as O
2-
 into vacancies of the electrolyte. If the electrode material 
is a pure electronic conductor (e.g. platinum), the surface path is the only possible mechanism 
(neglecting adsorption and diffusion on the electrolyte surface, which is unlikely to occur to any 
significant degree). If, however, the electrode material itself is an oxide ion conductor, an 
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alternative reaction pathway becomes possible. In this case oxygen incorporation is not restricted 
to the TPB zone, but can occur on the whole surface of the electrode. The incorporated O
2-
 ions 
then diffuse through the bulk of the electrode material towards the electrode/electrolyte boundary, 
followed by ion transfer across this interface. The surface path is of course not excluded for 
mixed conducting electrode materials, but may be negligible in special geometries if the 
electrode material has a high ionic conductivity. 
In multistep chemical reactions, the exchange rate of one particular step is often much lower than 
those of all other serial processes involved. The kinetics is then determined by this “slow” 
process only, while all others are “fast”, i.e. in equilibrium. The slow process in such a situation 
is referred to as rate determining step (RDS). Usually, the existence of one single RDS is also 
assumed for electrochemical electrode reactions, such as Eq.10. However, the knowledge about 
the details of this reaction is still limited, even though considerable research endeavour have been 
made over the last twenty years. Little is known, for example, about the nature of the oxygen 
species on the surface of the electrode, and frequently not even the RDS in the total reaction 
kinetics can be identified for a particular system. Each one of the single steps could in principle 
be rate limiting, and the kinetic situation may change completely with material, geometry and 
experimental conditions. Table 2.1 lists reaction steps to be considered as potentially rate limiting 
for the case of a mixed conducting electrode material. 
 
 
Figure 2.1. Two mechanisms of cathodic oxygen reduction; (a) when the cathode material is pure 
electronic conductor, the reaction can only occur via surface path, where the incorporation of oxygen 
into the electrolyte proceeds at the three phase boundaries. In case of a mixed ionic and electronic 
conducting material, the bulk path (b) is also possible.  
 
Quantitatively, oxygen surface exchange and bulk diffusion are frequently expressed by effective 
rate constants: k (for oxygen surface exchange) and D (for oxygen bulk diffusion): k essentially 
comprises the four surface-related steps in Table 1 (steps 2-5), while D (step 6) is related to the 
ionic conductivity of the material. k and D are measurable quantities, but their solute values 
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depend on the experimental technique applied. Hence, the type of measurement has to be 
indicated as a suffix. k* refers to a “tracer” exchange experiment, kδ to a “chemical” experiment 
and kq to an “electrical” measurement. The conceptual difference between the three types of 
experiments lies in the nature of the driving force applied to the system: A gradient in the 
concentration of 
18
O (k*), in the oxygen chemical potential (kδ), or in the electrical potential (kq), 
respectively. For a more detailed discussion of the relation between k*, kδ and kq, the reader is 
referred to Ref.9. 
 
Table 2.1 Elementary steps in the cathodic oxygen reduction reaction on a mixed conducting 
electrode material. Each of them could in principle determine the overall reaction kinetics. Parallel 
TPB processes are neglected. 
No. Reaction Step 
1 Diffusion of O2 molecules in the gas phase to the electrode 
2 Adsorption of O2 on the surface of the electrode 
3 Dissociation of molecular into atomic oxygen species 
4 Charge transfer from the electrode to oxygen species before or after dissociation 
5 Incorporation of oxide ions into vacancies in the crystal lattice of the electrode 
6 Bulk transport of O2- ions through the electrode to the electrode/electrolyte interface 
7 Transfer of O2- ions across the electrode/electrolyte interface 
  
Both high k and D values are generally considered as necessary for an appreciable performance 
of a cathode material, even though a fast surface path would in principle allow a high rate of 
oxygen reduction also for materials with D ~ 0. However, reviewing a larger number of data sets 
obtained from tracer exchange experiments on various perovskite oxides, empirical evidence for 
a correlation between k* and D* has been found
10
. The existence of such a correlation has been 
interpreted as an indication that oxygen vacancies also play an important role for the surface 
exchange process
11
. Nevertheless, the fundamental reason for this correlation may still be 
regarded as an open question. 
Besides material parameters, the geometry of the electrode is a very important factor for the 
electrode kinetics. Experience has shown that it is an extremely difficult task to understand the 
reaction kinetics on “realistic” porous electrodes. A logical consequence in such a situation is to 
simplify the experimental system. One possibility is to investigate dense film electrodes, as has 
been done by several authors in recent years
12-19
. 
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3. Experimental 
3.1. Sample preparation 
3.1.1. Synthesis of layered perovskite powders and preparataion of bulk pellets 
The layered perovskite materials, NdBa0.5Sr0.5Co2O5+and NdBa0.5Sr0.5Co2-xMnxO5+ were 
synthesized via citric precursor methods
1
. Metal nitrate were used as the cationic sources, and 
citric acid and ethylene glycol as the monomers for formic the polymetric matrix. Metal nitrate of 
the appropriate composition ratio were dissolved in a mixture of citric acid and ethylene glycol 
(1:4 molar ratio). Stoichiometric amounts of metal nitrates were added into a beaker containing a 
suitable amount of concentrated nitric acid solution under continuous heating and stirring. An 
adequate amount of ethylene glycol was added into the beaker after the mixture was dissolved. 
After a viscous resin was formed, the mixture was heated around 473 K. The resultant products 
were pre-calcined at 873 K for 4 hours, ball-milled in acetone for 24 hours.  
The black power war pressed in a 18 mm diameter circular die at 200 bar, annealed at 1473 
K for 12 hours, and then cooled down in air. The density of the sintered pellet was 90-95 % of 
theoretical density measured by the Archimedes method. The overall procedure for the citric 
precursor synthesis of NdBa0.5Sr0.5Co2-xMnxO5+ is shown in Fig. 3.1. 
 
 
Figure 3.1. Procedure for the synthesis powers
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3.1.2. Cell fabrication 
   
Electrochemical performances of the cathode materials were evaluated with Ni-GDC anode-
supported single cells. The Ni-GDC cermet anode was fabricated from a mixture of nickel oxide, 
GDC prepared by GNP, and starch at a weight ratio of 6:4:1.5. This mixture was ball-milled in 
ethanol for 24 hours. The GDC powder electrolyte was pressed over the pelletized Ni-GDC 
cermet anode. The Ni-GDC/GDC anode-electrolyte layer was sintered at 1623 K for 5 hours. 
This anode supported cells are used for I-V curve performance of the synthesized cathode 
materials.  
The synthesized powders were ball-milled in ethanol for 24 hours with a Ce0.9Gd0.1O1.95 (GDC) 
powder and blended with a binder (Heraeus V006) to form slurries for both symmetric and single 
cell fabrication. To determine the optimized cell performance with the NdBa0.5Sr0.5Co2O5+-GDC 
composite cathode, the NdBa0.5Sr0.5Co2O5+ powder and GDC were mixed at a weight ratio of 
10:0, 8:2, 6:4, and 5:5. For the NdBa0.5Sr0.5Co2-xMnxO5+ powders and GDC were mixed at a 
weight ratio of 6:4 to retain the optimized cell performance. The overall procedure of the anode-
supported single cell is shown in Fig. 3.2.  
 
 
Figure 3.2  Fabrication process for the anode-supported single cells 
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3.2. Characterization 
 
  The structure of the cathode materials was characterized by X-ray diffraction (XRD). X-ray 
powder diffraction measurements (Rigaku diffactormeter, Cu K radiation) were performed to 
confirm the structure with a scan rate of 0.5
o
 min
-1
 and a range of 20
o < 2θ < 60o. The diffraction 
patterns were analyzed using the Rietveld method with the GSAS program. Chemical 
compatibility between powders and GDC was evaluated by careful XRD analysis of a intimate 
mixture of 50 wt % NBSCO and 50 wt % GDC fired at high temperatures. An agate mortar and 
pestle were used to mix fine NBSCO and GDC powders.  
The oxygen content at room temperature was determined by iodometric titration
2
. The 30 μg 
power samples were dissolved in a round-necked glass vessel, 2g of potassium iodide (KI) oxide 
and 33 mL of 12 M hydrochloric acid (HCl) and stirring until the samples were completely 
dissolved. The clear solution was then titrated against 0.05 N sodium thiosulfate (Na2S2O3) 
solution using starch as an indicator. Thermo-gravimetric analyzer (TGA) was used to measure 
the amount of weight change of materials as function of temperature range, from 298 K to 1173 
K, in air condition. Using TGA data, the variations in the oxygen content was calculated form 
from the initial oxygen content values at room temperature resolved by the iodometric titration. 
 
3.3. Electrochemical studies 
 
Impedance Spectra Ware recorded the polarization resistance (Rp) of the cathode under OCV 
in a frequency range of 1 mHz to 500 kHz with AC perturbation of 14 mA at 973 K. The 
polarization was measure with a symmetric cell. Ag wires were attached as a current collector to 
both the anode and cathode of a single cell using Ag paste. 
  Current-Voltage (I-V) measurements were carried out with an anode-supported cells fabricated 
via procedure in 3.1.2. Ag wire was attached to the each electrode and Ag wire was used as 
current collector. An alumina tube was employed to fix the single cell using a ceramic adhesive 
(Aremco, Ceramabond 553). H2 containing 3 % H2O was supplied through a water bubbler with 
a flow rate of 20 mL min
-1
, while ambient air was supplied as an oxidant to the cathode during 
the single cell test. A BioLogic Potentiostat was used to measure impedance spectra and I-V 
curves. 
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4. Results 
 
4.1. Composite cathodes composed of NdBa0.5Sr0.5Co2O5+ 0.9Gd0.1O1.95 for 
intermediate-temperature solid oxide fuel cells 
4.1.1. Introduction 
Solid oxide fuel cells (SOFCs) convert chemical energy directly to electrical energy by means 
of electrochemical oxidation of various fuels, with high efficiency and low emissions. The 
conventional operating temperatures above 1073 K posts many problems, such as chemical 
reactions and mismatch in thermal expansion between cell components, which impose severe 
limitations on the choice of electrode and interconnector materials. Significant efforts, therefore, 
have focused on lowering the operation temperature to enhance long-term stability and reduce the 
costs
1,2
.
 
It is essential to attain high electrochemical activity in the cathode for intermediate 
temperature applications, because the polarization loss of the cathode at intermediate-temperature 
is a limiting factor to cell performance
3,4
. 
In this regard, cation ordered perovskite-related oxides, such as LnBaCo2O5+δ (Ln = Pr, Nd, Sm, 
Gd and Y), have recently been recognized as one of the best cathode materials for intermediate-
temperature(IT) SOFCs, owing to their substantially high electrical conductivities, rapid oxygen 
exchange, and fast oxygen diffusion characteristics
4,5
. 
  The crystals of LnBaCo2O5+δ (Ln=Nd, Sm, and Gd)have Ln-O and Ba-O layers alternating 
along the c-axis, where the difference in the ionic radii between the Ln
3+
 and Ba
2+
 ions plays a 
dominant role in determining the oxygen stoichiometry and the crystal structure
6,7
. For example, 
the oxygen content increases from 5.57 (Ln = Gd) to 5.78 (Ln = Nd) with increasing lanthanide 
ionic radius, as the crystal structure changes from an orthorhombic (Ln = Gd) to a tetragonal 
lattice (Ln = Nd). They exhibit high electrical conductivity, reasonable oxygen non-stoichiometry, 
and good cell performance
8
. Kim et al. reported that PrBaCo2O5+δ (PBCO) is a promising material 
for IT-SOFC cathodes, as it showed unusually fast oxygen kinetics at lower temperatures (773 to 
973 K), resulting in low cathodic polarization
9
.
 
Taskin et al. proposed that the formation of a 
layered crystal structure, with disorder-free channels for ion migration and with a weakened 
bonding strength of oxygen, can significantly facilitate oxygen motion through the crystal lattice, 
resulting in fast kinetics for GdBaCo2O5+δ.
10
 
  Meanwhile, Sr
2+ 
substitution for Ba
2+
 may improve the electrochemical characteristics of 
cathode materials due to higher electrical conductivity and oxygen content followed by the 
smaller size difference between Ln
3+
 and Sr
2+
. The substitution of Sr
2+
 by Ba
2+
 in GdBaCo2O5+δ, 
for example, increases the oxygen content from 5.6 to 6.0; the corresponding increase of the 
oxygen content will increase the concentration of Co
4+ 
, an electronic mobile species, leading to 
27 
 
higher electrical conductivity
6,11,12
. In addition, when the crystal structure changes from an 
orthorhombic (Pmmm) to a tetragonal lattice (P4/mmm) with an increase of Sr
2+
, the O-Co-O 
bond angle is also straightened toward the ideal value of 180
o
, leading to an increase in bandwidth 
and the covalency of the Co-O bond
13,14
. This is an another reason for higher electrical 
conductivity with higher Sr
2+
 amounts. 
  It has been widely documented that a specific amount of secondary phase within cathode 
materials can be used as an electrocatalyst for optimized performance of the cathode. In 
particular, ceria based oxides such as Ce0.9Gd0.1O1.95 (GDC) can improve the electrocatalytic 
activity of the cathode when they form a composite with the cathode material due to possible 
extension of the electrochemically active area, such as the triple phase boundary (TPB) where the 
electrochemical reaction occurs
15
. 
 
 
Figure 4.1.1 Schematics of the oxygen reduction reaction at a) Electronic conductor (TPB 
concept), b) MIEC (TPB+2PB), and c) MIEC-ionic conductor, GDC (enlarged TPB+2PB) (path ①; 
TPB point between electrolyte and cathode, path ②; 2PB point on the surface of NBSCO, path ③; 
Enhanced TPB point by addition of GDC. 
 
The improved performance of the NdBa0.5Sr0.5Co2O5+δ (NBSCO)-xGDC (x = 0, 20, 40, and 50 
wt %) composite cathode can be explained as follows: First, GDC and NBSCO are compatible 
both physically and chemically so that there is minimum reaction at the interface between the two 
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phases. Second, the mismatch in thermal expansion between the two phases is also minimal, 
leading to better connectivity between the two
16
.
 
Third, the mixture of GDC and NBSCO may 
create more TPB, the active sites for oxygen reduction
17
.
 
Schematically illustrated in Figure 4.1.1are the possible reaction zones for oxygen reduction 
reaction (ORR) on electrodes with different degree of mixed-conductions, a traditional porous 
electronic conductor (Figure 4.1.1a), a typical porous MIEC (Figure 4.1.1b), and a MIEC-GDC 
composite cathode (Figure 4.1.1c). When an electronic conducting material such as (La, Sr)MnO3 
(LSM) is used as the cathode, the ORR is largely confined to the electrode/electrolyte 
interface(TPB), where oxygen gas has synchronous access to both the electronically and ionically 
conductive phases (Figure 4.1.1a, path ①)18. When an MIEC is used as the cathode, however, the 
entire surface may serve as the active sites for ORR, because oxygen anions can transport through 
the MIEC bulk, e.g. La0.6Sr0.4Co0.2Fe0.8O3- (Figure 4.1.1b, path ②)
19
.
 
The electrochemically 
active region can be extended, because the ORRs can also take place on the two phase boundary 
(2PB) where the gas and mixed conductor meet
17,20-31
.
 
Further, the combination of ionically 
conducting ceria with NBSCO may provide additional TPB sites for ORR (Figure 4.1.1c, path 
③). As illustrated in Figure 4.1.1c, the reaction rate of the composite electrodes would be the 
sum of those on the 2PB sites (the surface of MIEC) and those on the TPB sites (all interface 
boundaries between NBSCO and GDC that are exposed to oxygen gas), which could be greater 
than the ORR sites of the electronic conductor or the MIECs. 
In this study, we systematically varied the ratio of GDC to NBSCO in the two-phase composite 
cathodes in an effort to optimize the electrochemical properties under IT-SOFC operating 
conditions.  
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4.1.2. Experimental 
The NBSCO oxide was synthesized via the Pechini process. Metal nitrates are employed both 
as metal precursors and oxidizing agents. Stoichiometric amounts ofNd(NO3)3∙6H2O (Aldrich, 
99.9%, metal basis), Ba(NO3)2 (Aldrich, 99+%), Sr(NO3)2 (Aldrich, 99+%), and Co(NO3)2∙6H2O 
(Aldrich, 98+%) were added into a beaker containing a suitable amount of concentrated nitric 
acid solution under continuous heating and stirring. An adequate amount of ethylene glycol was 
added into the beaker after the mixture was dissolved. After a viscous resin was formed, the 
mixture was heated around 473 K. The resultant products were pre-calcined at 873 K for 4 hours, 
ball-milled in acetone for 24 hours, and calcined at 1273 K for 12 hours in air.  
The structure and the morphology of the NBSCO were characterized by X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). X-ray powder diffraction measurements 
(Rigakudiffactormeter, Cu Ka radiation) were performed to confirm the structure with a scan rate 
of 0.5
o
 min
-1
 and a range of 20
o < 2θ < 60o. Chemical compatibility between NBSCO and GDC 
was evaluated by careful XRD analysis of a intimate mixture of 50 wt % NBSCO and 50 wt % 
GDC (NBSCO-50GDC) fired at high temperatures. An agate mortar and pestle were used to mix 
fine NBSCO and GDC powders. Glycine was applied to the solution at a molar ratio of 1:1.5 for 
metal nitrate and glycine. The electrode powders were blended with a binder (Heraeus V006) to 
form slurries for both symmetric and single cell fabrication. Electrochemical performances of the 
NBSCO-xGDC (x = 0, 20, 40, and 50 wt %) cathode were evaluated with Ni-GDC anode-
supported single cells. To determine the optimized cell performance, the NBSCO powder and 
GDC were mixed at a weight ratio of 10:0, 8:2, 6:4, and 5:5. The mixtures were ball-milled for 
12 hours. The Ni-GDC cermet anode, thereafter, was fabricated from a mixture of nickel oxide, 
GDC prepared by GNP, and starch at a weight ratio of 6:4:1.5. This mixture was ball-milled in 
ethanol for 24 hours. The GDC powder electrolyte was pressed over the pelletized Ni-GDC 
cermet anode. The Ni-GDC/GDC anode-electrolyte layer was sintered at 1623K for 5 hours. 
NBSCO-xGDC slurries were screen-printed on the GDC electrolyte as a cathode. The cells, with 
an active electrode area of 0.36cm
2
, were finally sintered at 1223 K for 4hours under an air 
atmosphere. Ag wires were attached as a current collector to both the anode and cathode of a 
single cell using Ag paste. An alumina tube was employed to fix the single cell using a ceramic 
adhesive (Aremco, Ceramabond 553). H2 containing 3% H2O was supplied through a water 
bubbler with a flow rate of 20 mLmin
-1
, while ambient air was supplied as an oxidant to the 
cathode during the single cell test. A BioLogic Potentiostat was used to measure impedance 
spectra and I-V curves. Impedance Spectra Ware recorded the area specific resistance (ASR) 
under OCV in a frequency range of 1 mHz to 500 kHz with AC perturbation of 14 mA at 973 K. 
I-V polarization curves were measured between 773 K and 973 K. 
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4.1.3. Result 
 Chemical compatibility 
XRD analysis was used to study the chemical compatibility between NBSCO and GDC. The 
NBSCO cathode material has a double perovskite structure after being calcined at 1373 K for 12 
hours, as implied by the XRD pattern shown in Figure 4.1.2a. The characteristic diffraction peaks 
for the NBSCO sample suggest that it has a tetragonal structure without any detectable second 
phases.
32 
The XRD pattern of a pure GDC sample is shown in Figure 4.1.2b for comparison. The 
XRD pattern for a NBSCO-50GDC mixture fired at 1273 K for 5 hours is shown in Figure 4.1.2c. 
Since all observable diffraction peaks correspond to those that are characteristic to the two 
components, NBSCO and GDC, the chemical compatibility between NBSCO and GDC is 
adequate under the processing condition. 
XRD analysis was used to study the chemical compatibility between NBSCO and GDC. The 
NBSCO cathode material formed a double perovskite structure without detectable impurities after 
being calcined at 1373 K for 12 hours (Figure 4.1.2a). The observed peaks for NBSCO suggest 
that it has a tetragonal structure
32
. The XRD pattern of GDC is also shown in the same figure for 
comparison (Figure 4.1.2b). Figure 4.1.2c shows the XRD pattern of a NBSCO-50GDC mixture 
sintered at 1273 K for 5 hours which was identified in addition to the raw materials, NBSCO and 
GDC. There are no additional peaks in the patterns, indicating their good chemical compatibility 
at temperature up to 1273 K. 
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Figure 4.1.2 XRD pattern of (a) NBSCO powder sintered at 1373 K for 12 hours, (b) 
Ce0.9Gd0.1O1.95 (GDC) powder, and (c) NBSCO-GDC mixture sintered at 1273 K for 5 hours. 
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SEM 
The microstructures of the NBSCO-40GDC cathodes were examined under an SEM; typical 
micrographs are presented in Figure 4.1.3. The thickness of the cathode is around 15-20 μm and 
it has a highly porous morphology that ensures good gas diffusion (Figure 4.1.3a). The GDC 
electrolyte of 20 µm thick appears adhered well to the cathode and anode layers without any 
cracks, indicating good compatibility between the electrolyte and the electrode. Figures (4.1.3c 
and 4.1.3d) show that the GDC grains (small grains in the figure) are well deposited on the 
surface of the NBSCO backbone, as shown in Figure 4.1.3b. It is clearly shown that additional 
TPB sites are developed with the mixture of the NBSCO backbone and small particles of GDC. 
With increasing amount of GDC on NBSCO, more TPB sites can be formed, as shown as path 
③ in Figure 4.1.1c. 
 
 
 
Figure 4.1.3 SEM images of NBSCO-xGDC single cells, a) NBSCO-40GDC single cell cross 
section, b-d) Microstructure of b) NBSCO-0GDC, c) NBSCO-20GDC, and d) NBSCO-40GDC 
composite cathode. 
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Electrochemical properties and performance 
 
The area specific resistance (ASR) is used to describe all resistances associated with electrode 
and electrolyte of the cell, including the gas-cathode interface, the bulk of the cathode, and the 
cathode-electrolyte interface. In a typical impedance spectrum, the intercept with the real axis at 
low frequency designates the total resistance of the cell and the intercept at high frequency is the 
ohmic resistance of the cell (mainly originated from the electrolyte). The magnitude of the semi-
circle or the difference between the total resistance and the ohmic resistance is called the 
polarization resistance, and it is the total resistance to the cathodic processes associated with 
oxygen reduction reaction.  
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Figure 4.1.4  (a) Typical impedance spectra of symmetric cells (NBSCO-GDC/GDC/NBSCO-
GDC) measured under an open-circuit condition at 873 K in air, and (b) comparison of NBSCO-
xGDC cathode area specific resistances plotted versus inverse temperature. 
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Figure 4.1.4a shows the electrochemical impedance spectra of the NBSCO-
GDC/GDC/NBSCO-GDC symmetric cells as a function of GDC content measured at 873 K in 
air under OCV condition. The polarization resistance of the NBSCO-xGDC (x=0, 20, 40, and 50) 
composite is 0.241, 0.120, 0.105, and 0.155 cm2 at 873 K, respectively. The ASR value is 
decreased with increasing the amount of GDC up to 40 wt% and then starts to increase beyond 40 
wt% of GDC. The electrochemical characteristics of the NBSCO-GDC composites indicate that 
GDC plays a significant role in improving the performance of the cathode. The observed higher 
catalytic activity of the NBSCO-GDC composite cathode compared to pure NBSCO might be 
due to the extended TPB sites with the addition of GDC, resulting in lower polarization loss of 
the electrodes
17
. In other words, the lower polarization of the composites can be explained on the 
basis of the ability of ceria based oxides to store, release, and transport oxygen under SOFC 
operating conditions
33
.
 
Meanwhile, the ASR value tends to increase with excessive GDC amounts, 
for example, above 40 wt% in this case. It appears that the inclusion of an overly large amount of 
GDC particles reduces the continuity of NBSCO in the composite, thereby resulting in a decrease 
of effective electron-conducting paths in the electrode. 
Figure 4.1.4b shows Arrhenius plots of the polarization resistance of NBSCO-xGDC (x= 0, 20, 
40, and 50) composite cathodes at various temperatures. The activation energy of NBSCO-
40GDC composites, 105.7 kJ mol
-1
, is lower than that of pure NBSCO, 111.6 kJ mol
-1
. The errors 
associated with the estimation of the activation energies are listed in the table in Figure 4.1.4b. 
The addition of GDC appears to reduce the activation energy of the composite compared with 
pure NBSCO, as the corresponding activation energy of GDC is found to be 66.57 kJ mol
-1
. The 
lower activation energy of the composite cathode, at least in part, accounts for the faster oxygen 
diffusion process
34,35
. 
 
Table 4.1 ASR values of composite system at 873 K. 
 Pure cathode Composite cathode 
NdBa0.5Sr0.5Co2O5+δ -GDC 0.241 cm
2
 0.105 cm2 (40 wt% GDC) 
La0.6Sr0.4Co0.2Fe0.8O3-GDC [36] 1.2 cm
2
 0.17 cm2 (60 wt% GDC) 
Sm0.5Sr0.5CoO3-Sm0.2Ce0.8O1.9(SDC) [38] 2.5 cm
2
 0.18 cm2 (30 wt% SDC) 
 
Many researchers have noted that a composite cathode exhibits advanced electrochemical 
properties compared with a pure cathode, because the composite offers the electrochemical 
properties of the pure MIEC bulk as well as the electrocatalytic and ionic conducting effects from 
the GDC bulk
16,36,37; this in known as the “composite effect”. However, it is worth mentioning 
that the ASR of NBSCO-GDC composite is not improved significantly compared to that of the 
34 
 
pure NBSCO cathode, where the composite ASR is half that of the pure cathode ASR. In contrast, 
Leng and Xia groups reported that a composite system provided considerable improvement in 
ASR compared to a pure cathode, as shown in Table 4.1. For example, at 873 K, a 
La0.6Sr0.4Co0.2Fe0.8O3 composite with 60 wt% of GDC yielded an ASR of 0.17cm
2 36
and a 
Sm0.5Sr0.5CoO3 composite with 30 wt% of Sm0.2Ce0.8O1.9 showed a value of 0.18 cm
2
,
38 
reflecting decreases of more than ten-fold compared with the ASRs of pure cathodes. It is 
anticipated that, for a NBSCO-GDC composite, the ionic conductivity of GDC might not lend a 
significant contribution in terms of increasing performance, because the ionic conductivity of 
NBSCO can be considered sufficiently high for ion bulk diffusion to provide superior 
performance. Some double perovskite materials have shown higher oxide-ion conductivities 
compared with ceria based materials. For example, Taskin et al. reported that the ionic 
conductivity of an ordered double perovskite is as high as 0.01 S cm
-1
at 773 K;
10
 this value is 
slightly higher or comparable with that of GDC (0.0045 S cm
-1
) at the same temperature
39
. In this 
NBSCO-GDC composite system, therefore, the favorable electrochemical characteristics might 
result from the 2PB sites of the NBSCO as well as the electrocatalytic effect at the TPB sites 
produced within the NBSCO-GDC composite cathode. As a result, the 40 wt % GDC composite 
cathode appears to be optimized for higher electrochemical performance through a combination 
of the favorable electrochemical properties of NBSCO as a MIEC and the high electrocatalytic 
characteristics of GDC. 
Figure 4.1.5 shows the power density and voltage as a function of the current density for the 
NBSCO-GDC/GDC/Ni-GDC anode supported cell using humidified H2 (3% H2O) as a fuel and 
static ambient air as an oxidant in a temperature range of 773 - 923 K. The maximum power 
densities of the cell with the NBSCO-xGDC (x = 0, and 40) cathode materials were 0.885 and 
1.086 W cm
-2
 at 873 K, respectively. The highest cell performance is achieved by the 40 wt% of 
GDC composite cathode, which can be predicted on the basis of it having the lowest ASR. In 
other words, the sufficient 2PB and enhanced TPB of the composite result in the highest ORR 
rate, as shown in Figure 1c, thereby providing high power density.  
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Figure 4.1.5 Single cell performance of a cell with a NdBa0.5Sr0.5Co2O5+d –xGDC cathode at 
various temperatures; a) NBSCO-0GDC cathode, b) NBSCO-40GDC cathode (●; 773 K, █; 823 K, 
▲; 873 K, ◆; 923 K). 
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4.2. Effect of Mn substitution on electrochemical properties of the layered perovskite 
material, NdBa0.5Sr0.5Co2-xMnxO5+ (x = 0, 0.25, and 0.5) for intermediate temperature 
solid oxide fuel cells 
4.2.1. Introduction 
Solid oxide fuel cells (SOFCs) are devices that convert chemical energy to electrical energy 
directly through electrochemical oxidation of a wide variety of fuels with high efficiency and low 
emissions. Recently, significant efforts have focused on lowering the operating temperature to 
enhance long-term stability and reduce the costs
1,2
.
 
The success relies on the development of 
highly active cathode materials for intermediate temperature applications because the cathode 
polarization is a limiting factor to cell performance at low temperatures
3,4
. 
Cation ordered perovskite-related oxides with the general formula A′A′′B2O5+, such as 
LnBaCo2O5+δ (Ln = Pr, Nd, Sm, Gd and Y), have been recognized as one of the best cathode 
materials for intermediate-temperature (IT) SOFCs, owing to their substantially high electrical 
conductivities, rapid oxygen exchange, and fast oxygen diffusion characteristics
4,5
.
 
Kim et al. 
reported that PrBaCo2O5+δ (PBCO) is a promising material for IT-SOFC cathodes, as it showed 
unusually fast oxygen kinetics at lower temperatures (773 to 973K), resulting in low cathodic 
polarization
6,7
.
 
Taskin et al. proposed that the formation of a layered crystal structure, with 
disorder-free channels for ion migration and with a weakened bonding strength of oxygen, can 
significantly facilitate oxygen motion through the crystal lattice, resulting in fast kinetics for 
GdBaCo2O5+δ
8
. 
Further, some researchers have investigated that substitution of Ba
2+
for Sr
2+ 
could potentially 
improve the electrochemical characteristics of cathode materials due to higher electrical co
nductivity and oxygen content
9
 because of smaller size difference between Ln
3+
 and Sr
2+
. 
The substitution of Ba
2+ 
by Sr
2+ 
in LnBaCo2O5+δ, for example, increases the oxygen conten
t from 5.78 to 6.0; which may in turn result in an increase in the concentration of Co
4+
, 
(which promotes electronic transport), leading to higher electrical conductivity
9-13
. In additi
on, when the smaller size of Sr
2+
 can reduce the size difference between Ln
3+
 and Sr
2+
, resulting 
in a tendency to increase the coordination number of Ln and consequently the oxygen content 
values. The high oxygen contents provide the sufficient mobile interstitial i.e. the predominant 
defects such as interstitial oxygen and electronic holes
13
. 
However, oxides with significant amounts of Sr or Co exhibit high thermal expansion 
coefficient (TEC) in SOFC condition due to the low-spin to high-spin transition associated with 
the increased Co
3+
 ions, which changes the ionic radius and, hence, should lead to a change in the 
unit cell volume
14-16
. This drawback could be minimized by a partial introduction of Co sites by 
other various transition metals, including Fe, Cu, Ni and Mn. As Co is substituted by the other 
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transition metal cation, the TEC and electronic conductivity decreased; while, the oxygen ion 
diffusivity, ORR activity, and stability can increase
15,16
.  
The magnetic and electrical properties of Mn-doped layered perovskite, LnBaCoMnO5+(Ln = 
Nd, Eu), have been found by A.K. Kundu et al
17
. However, the Mn substitution effect for Co on 
electrochemical properties has not been studied yet to date in the NdBa0.5Sr0.5Co2-xMnxO5+(x = 0, 
0.25, and 0.50) system. Interaction between two different transition metals, Mn and Co, 
especially, could influence on electronic conductivities and electrochemical properties. With an 
aim to lower the TEC and maximize the electrochemical performance further, we investigate here 
the synthesis and characterization of the Mn doped layered perovskite materials, 
NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and 0.50) oxides as cathode materials for IT-SOFCs. The 
effect of Mn substitution on the crystal chemistry, oxygen content, electrical conductivity, TEC, 
chemical stability in contact with the electrolyte, polarization conductance, and catalytic activity 
for ORR in SOFCs are presented. 
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4.2.2. Experimental 
The NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and0.50) oxide was synthesized via the Pechini 
process. Metal nitrates were used as both metal precursors and oxidizing agents. Stoichiometric 
amounts of Nd(NO3)3∙6H2O (Aldrich, 99.9%, metal basis), Ba(NO3)2 (Aldrich, 99+%), Sr(NO3)2 
(Aldrich, 99+%), Co(NO3)2∙6H2O (Aldrich, 98+%), and Mn(NO3)2 (Aldrich, 98%)were added 
into a beaker containing a suitable amount of concentrated nitric acid solution under continuous 
heating and stirring. An adequate amount of ethylene glycol was added into the beaker after the 
mixture was dissolved. After a viscous resin was formed, the mixture was heated to around 473 K. 
The resultant products were then calcined at 873 K for 4 hours, followed by ball-milling in 
acetone for 24 hours and another calcination at 1273 K in air for 12 hours. 
The structure and morphology of the NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and 0.50) were 
characterized using X-ray diffraction (XRD) and scanning electron microscopy (SEM). X-ray 
powder diffraction measurements (Rigaku diffractor meter, Cu Ka radiation) were performed to 
confirm the structure with a scan rate of 0.5
o
 min
-1
in a range of 20
o < 2θ < 60o. Reactivity of 
NdBa0.5Sr0.5Co1.5Mn0.5O5+with GDC was evaluated by analysing XRD patterns of a sintered 
sample obtained from intimate mixing of 50 wt % of NdBa0.5Sr0.5Co1.5Mn0.5O5+ and 50 wt % of 
GDC. An agate mortar was used to mix fine NdBa0.5Sr0.5Co1.5Mn0.5O5+ and GDC powders 
suspended in acetone.  
Glycine was added to the solution at a molar ratio of 1:1.5 for metal nitrate to glycine. The 
electrode powders were blended with a binder (Heraeus V006) to form slurries for both 
symmetric and single cell fabrication. Electrochemical performances of the NdBa0.5Sr0.5Co2−
xMnxO5+ (x = 0, 0.25, and0.50) cathode were evaluated with Ni-GDC anode-supported single 
cells. The NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and 0.50) powder and GDC were mixed at a 
weight ratio of 6:4 to retain the optimized cell performance. The mixtures were ball-milled for 12 
hours. The Ni-GDC cermet anode, thereafter, was fabricated from a mixture of nickel oxide, 
GDC prepared by GNP, and starch at a weight ratio of 6:4:1.5. This mixture was ball-milled in 
ethanol for 24 hours. The GDC powder electrolyte was pressed over the pelletized Ni-GDC 
cermet anode. The Ni-GDC/GDC anode-electrolyte layer was sintered at 1623 K for 5 hours. The 
NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and 0.50) and 40wt % of GDC slurries were screen-
printed on the GDC electrolyte as a cathode. The cells with an active electrode area of 0.36 cm
2
 
were finally sintered at 1223 K in air for 4 hours. Ag wires were attached to both the anode and 
the cathode of the cell as a current collector using Ag paste. An alumina tube was employed to fix 
the single cell using a ceramic adhesive (Aremco, Ceramabond 553). H2 containing 3% H2O was 
supplied through a water bubbler with a flow rate of 20 mL min
-1
, while ambient air was supplied 
42 
 
as an oxidant to the cathode during the single cell test. A BioLogic Potentiostat was used to 
measure impedance spectra and I-V curves. Impedance spectroscopy was used to determine the 
area specific resistance (ASR) of electrodes under OCV in a frequency range of 1 mHz to 500 
kHz at an AC perturbation of 14 mA at 973 K. I-V polarization curves were measured between 
773 K and 973 K. 
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4.2.3. Results 
Structural and chemical analysis 
Fig.4.2.1 (a) shows the XRD patterns of the NdBa0.5Sr0.5Co2-xMnxO5+(x = 0, 0.25, and 0.5) 
samples sintered at 1473 K for 12 hours in air. The observed peaks imply that NdBa0.5Sr0.5Co2-
xMnxO5+ (x = 0, 0.25, and 0.5) materials formed layered perovskite structures. For higher Mn 
contents with x= 0.5, the observed peak shows week impurity reflection at 2 ≈ 32.08 degree, 
probably indicating a fluctuation in a layered perovskite phase. 
The XRD powder patterns of the the NdBa0.5Sr0.5Co1.75Mn0.25O5+ cathode is analysed by 
Rietveld refinement to demonstrate its crystal structure. The NdBa0.5Sr0.5Co1.75Mn0.25O5+ cathode 
could be indexed to a tetragonal structure (space group; Pmmm), as illustrated in Fig. 4.2.1(b). As 
summarized in Table 4.2, the volume of the sample shrinks with increasing Mn contents. The 
lattice parameter c is slightly lengthened with decreasing Co, due to the replacement of the 
smaller ionic size cobalt (ls; 0.545 Å , hs; 0.61 Å ) by the larger atomic size of manganese (ls; 0.58 
Å , hs; 0.645 Å ). However, ab plane shrinks with increasing doping level of manganese, probably 
resulting in the fluctuated Co-O bond lengths
18
.  
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Figure 4.2.1 (a) X-ray diffraction data for NdBa0.5Sr0.5Co2-xMnxO5+ powders sintered at 1373 K 
(x = 0) and 1473 K (x = 0.25 and 0.5) for 12 hours. (b) Rietveld refinement of 
NdBa0.5Sr0.5Co1.75Mn0.25O5+ data from room temperature. 
 
 
Table 4.2  Space group and structure parameters of NdBa0.5Sr0.5Co2-xMnxO5+ oxides 
x Space group a (Å ) b (Å ) c (Å ) volume (Å )
3
 
Oxygen 
contents 
0 Pmmm 3.8944 3.8943 7.6150 115.48 5.88 
0.25 P4/mmm 3.8583 3.8583 7.7126 114.81 5.78 
0.5 
P4/mmm 3.8555 3.8555 7.7054 114.54 
5.83 
Pbnm 5.4509 5.4518 7.7087 229.08 
 
 
 
45 
 
Oxygen contents 
Fig. 4.2.2 shows the dependence of oxygen content of NdBa0.5Sr0.5Co2-xMnxO5+ (x= 0, 0.25, 
and 0.5) samples on temperature in air. The initial oxygen contents at room temperature are 
determined by iodometric titration. All samples begin to lose the interstitial oxygen from the 
lattice at 473 K. The amount of oxygen carrier species in NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, 
and 0.50) increases with Mn contents due to a stronger Mn–O bond than the Co–O bond in the 
lattice; this is consistent with a previous study that the standard Gibbs free energy of formation 
for Mn3O4 (–12383.2328 kJ mol
-1
) is higher than that for Co3O4 (–794.871 kJ mol
-1
). Similar 
trend was also observed in the LnBaCo2-xFexO5+system
19
. The degree of oxygen loss in Fig. 
4.2.2 decreases with increasing Mn amount in NdBa0.5Sr0.5Co2-xMnxO5+ system, which is also 
resulted from the stronger metal-oxygen bonding.  
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Figure 4.2.2 Thermogravimetric data of NdBa0.5Sr0.5Co2-xMnxO5+ (x = 0, 0.25, and 0.5) as a function 
of temperature. 
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Thermal expansion coefficient 
The thermal expansion curves of NdBa0.5Sr0.5Co2-xMnxO5+ (x = 0, 0.25, and 0.5) and 
NdBa0.5Sr0.5Co2-xMnxO5+-GDC composite samples (x = 0, 0.25, and 0.5) system sintered at 1373 
and 1423 K are presented. The average value between room temperature and 1173 K are given in 
inert table in Fig. 4.2.3. The average thermal expansion coefficient (TEC) value decreases with 
increasing Mn content in NdBa0.5Sr0.5Co2-xMnxO5+system. Generally, the higher TEC of cobalt-
based perovskite oxides is largely related to the spin state transition of cobalt from low spin (tri-
valence) to high spin (tri-valence)
 20
. The substitution Mn
3+/4+
 and the consequent decrease in the 
Co content in NdBa0.5Sr0.5Co2-xMnxO5+results in a decrease in TEC with increasing Mn content. 
The decrease of TEC is due to a suppression of both the spin state transition of Co
3+
 and the 
formation of effective charge carriers with doping Mn on Co sites. This substitutions decrease the 
TEC since the high spin Mn
3+
 ions do not undergo spin state transitions on heating to high 
temperatures. In addition, Mn provides a stronger binding of the oxygen in the lattice, resulting 
in a decrease in the amount of oxygen loss (Fig. 4.2.2) from the lattice and minimal changes in 
the sizes of the B cations
21,22
. Moreover, Mn doped samples and GDC composite cathode can 
release the difference of TEC between GDC electrolyte and cathode (Fig. 4.2.3(b)), caused by the 
low intrinsic TEC value of GDC (10.1 × 10
-6
 K
-1
)
23
.  
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Figure 4.2.3 Thermal-expansion (dL/Lo) curves of (a) Mn doped NdBa0.5Sr0.5Co2O5+ in the 
temperature range of room temperature-900 
o
C in air. Inserted table shows the TEC value for Mn 
doped NdBa0.5Sr0.5Co2O5+. (b) Compared thermal-expansion curves of bulk (NdBa-
0.5Sr0.5Co1.5Mn0.5O5+) and GDC composite (50 wt % of GDC and 50 wt % of NdBa-
0.5Sr0.5Co1.5Mn0.5O5+). 
48 
 
Electronic conductivity 
Electrical conductivity of NdBa0.5Sr0.5Co2-xMnxO5+ (x = 0, 0.25, and 0.5) system, shown in Fig. 
4.2.4, revealed reasonable values for the composition with higher Co content. The 
NdBa0.5Sr0.5Co2O5+ material has a metallic conducting behavior with a sufficient bandwidth and 
little charge transfer gap between the Co
3+
/
4+
: 3d band and the top of the O2-:2p band. The 
substitution of a larger Mn for Co increases the average ionic radius of the B site cations in the 
AA‟BB‟O5+ layered perovskite structure, causing an increase of the bending of the O-(Co, Mn)-
O bond (decrease in bond angle below 180
o
) due to the structural distortion, which results in a 
decrease in the bandwidth and a consequent opening of charge transfer gap. The opening charge 
transfer gap together with a decrease in the metal-oxygen covalency leads to a metal to 
semiconductor transition with doping, implying the increased electron localization and the 
decreased electrical conductivity
7,24
. Therefore, the effective charge carrier concentration could 
be reduced due to the trapping of the charge carriers with increasing Mn content.  
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Figure 4.2.4 The electrical conductivity data for NdBa0.5Sr0.5Co2-xMnxO5+ (x = 0, 0.25, and 0.5) 
as a function of temperature in air. 
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Chemical compatibility 
XRD analysis was used to study the chemical compatibility between NdBa0.5Sr0.5Co2-
xMnxO5+(x= 0, 0.25, and 0.5) and GDC after calcination at 1273 K in air for 4 hours. Fig.4.2.5 
shows the XRD pattern of NdBa0.5Sr0.5Co1.5Mn0.5O5+-GDC (50:50 by weight ratio) mixtures 
sintered at 1273 K for 5 hours. The NdBa0.5Sr0.5Co1.5Mn0.5O5+ cathode materials formed a double 
perovskite structure without detectable impurities after being calcined at 1373 K for 12 hours 
(Fig.4.2.5a). The XRD pattern of GDC is also shown in the same figure for comparison (Fig. 
4.2.5b). The observed peaks for NdBa0.5Sr0.5Co1.5Mn0.5O5+-GDC show that there are no 
additional peaks in the patterns, indicating their good chemical compatibility at temperature up to 
1273 K (Fig.4.2.5c-d). 
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Figure 4.2.5 XRD pattern of (a) NdBa0.5Sr0.5Co2O5+ powder sintered at 1473 K for 12 hours, (b) 
Ce0.9Gd0.1O1.95 (GDC) powder, and (c) - (e) NdBa0.5Sr0.5Co2-xMnxO5+-GDC mixtures((c); x = 0 , (d); x 
= 0.25, (e) x = 0.5) sintered at 1273 K for 5 hours. 
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SEM 
The microstructures of the NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and 0.50) cathodes were 
examined under an SEM; typical micrographs are presented in Fig. 4.2.6. The thickness of the 
cathode is around 15-20 μm and it has a highly porous morphology that ensures good gas 
diffusion (Fig.4.2.6a). The GDC electrolyte of 20 µm thickness appears adhered well to the 
cathode and anode layers without any cracks, indicating good compatibility between the 
electrolyte and the electrode. Fig. 4.2.6b-d shows that there are no significant changes in 
microstructure to affect the catalytic property as substitution of Mn for Co site. 
 
 
 
  
Figure 4.2.6 SEM images of (a) cross-sectional view of the single cell and microstructure of 
NdBa0.5Sr0.5Co1.75Mn0.25O5+ composite cathode with GDC powders; (b) x = 0, (c) x = 0.25, and (d) x 
= 0.5. 
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ASR 
The area specific resistance (ASR) is used to describe all resistances associated with the 
electrode and electrolyte of the cell, including the gas-cathode interface, the bulk of the cathode, 
and the cathode-electrolyte interface. Impedance spectra of all compositions appear to be 
characterized by two pseudo semi-circles, which indicate interfacial resistance or ion and 
electron charge transfer at the higher frequency region and non-charge transfer such as a cathode 
reaction at the lower frequency region
25
. The magnitude of the semi-circle or the difference 
between the total resistance and the ohmic resistance is called the polarization resistance, and it is 
the total resistance to the cathodic processes associated with ORR.  
Figure 4.2.7a shows the electrochemical impedance spectra of the NdBa0.5Sr0.5Co2−xMnxO5+ (x 
= 0, 0.25, and 0.50) content measured by AC impedance spectroscopy with various temperatures 
in air. The polarization resistance of the NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and 0.50) 
composite is 0.105, 0.131, and 0.150 cm2 at 873 K, respectively. The magnitude of the arcs at 
lower frequency increases more than that of the arcs at higher frequency as the amount of Mn 
increases, which means the substitution of Mn for Co seems to hinder the kinetics for oxygen 
surface exchange and bulk diffusion in cathode part
26,27
. In case of Mn doped samples (x = 0.25 
and 0.5), especially, the stronger Mn-O bonding might reduce the cathodic response, i.e. the 
oxygen ion diffusion and charge transfer due to the decreased mobile carriers for the oxygen 
reduction reaction(Fig. 4.2.7b). Further, the decrease in the transition metal-oxygen covalency 
also might be another reason of electrochemical activity loss of Mn doped samples
28,29
. 
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Figure 4.2.7 (a) Comparison of NdBa0.5Sr0.5Co2-xMnxO5+ (x = 0, 0.25, and 0.5) cathode area 
specific resistances plotted versus inverse temperature, and (b) typical impedance spectra of a 
symmetric cell with NdBa0.5Sr0.5Co2-xMnxO5+ (x = 0, 0.25, and 0.5) cathode measured under an open-
circuit condition at 873 K in air. 
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I-V Curve 
Figure 4.2.8 shows the power density and voltage as a function of the current density for the 
NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and 0.50)/GDC/Ni-GDC anode supported cell using 
humidified H2 (3% H2O) as a fuel and static ambient air as an oxidant in a temperature range of 
773 - 923 K. The maximum power densities of the cell with the NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 
0.25, and 0.50) cathode materials were 1.477, 1.318, and 1.204 W cm
-2
 at 873 K, respectively. 
The electrochemical properties mainly affect the electrochemical performance regarding the 
electronic conductivities and the concentration of electrochemical active carriers, which results in 
a consequent decrease in the oxygen exchange, oxide ion diffusion, charge transfer, and catalytic 
activity
24
. However, the performance of NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0.25 and 0.5) is still 
suitable and stable for IT-SOFC, which can be a candidate materials for cathode of intermediate 
temperature fuel cells. The Mn substitution provides a tradeoff between TEC and electrochemical 
performance in IT-SOFC.  
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Figure 4.2.8 I-V curves and corresponding power density curves of single cell with a 
NdBa0.5Sr0.5Co2-xMnxO5+ cathode at various temperatures; (a) x = 0, (b) x = 0.25, and (c) x = 0.5 (●; 
773 K, █; 823 K, ▲; 873 K, ◆; 923 K). 
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5. Summary 
 
The electrochemical properties of NdBa0.5Sr0.5Co2O5+-xCe0.9Gd0.1O1.95 cathode materials were 
investigated to optimize the GDC ratio for a high performance cathode for IT-SOFC application. 
The XRD patterns show that both the NBSCO and the NBSCO-GDC cathodes are chemically 
stable under IT-SOFC operating conditions. SEM images show that the small-spherical GDC 
particles on the NBSCO bulk backbone enhance the sites for the oxygen reduction reaction. It is 
determined that GDC affects the electrochemical properties in the NBSCO-GDC composite 
system. For the NBSCO-GDC composite, however, the ionic conductivity of GDC might not 
lend a significant contribution in terms of increasing performance, because the ionic conductivity 
of NBSCO can be considered sufficiently high for ion bulk diffusion to provide superior 
performance. 
The favourable electrochemical characteristics of NBSCO-GDC composites might originate 
from the 2PB sites of the NBSCO as well as the electrocatalytic effect at the TPB sites produced 
within the NBSCO-GDC composite cathode, which yields high power density of 1.086W cm
-2
 at 
873 K. These results demonstrate that a NBSCO composite with 40 wt% of GDC is an optimum 
cathode material for IT-SOFCs. 
With an aim to new cathode materials having the lower TEC and enhanced electrochemical 
performance further, we investigate here the synthesis and characterization of the Mn doped 
layered perovskite materials, NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and 0.50) oxides as cathode 
materials for IT-SOFCs. The NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0, 0.25, and0.50) materials have the 
layered perovskite structure and the chemical compatibility in operating temperatures. The 
degree of oxygen loss decreases with increasing Mn amount in NdBa0.5Sr0.5Co2-xMnxO5+ system, 
which is also resulted from the stronger metal-oxygen bonding. Thermal expansion properties of 
NdBa0.5Sr0.5Co2−xMnxO5+ (x = 0.25, and 0.50) oxides are improved due to a suppression of both 
the spin state transition of Co
3+
 and the formation of effective charge carriers with doping Mn on 
Co sites and the stronger Mn-O bonding. The electronic conductivities are decreased due to the 
trapping of the effective charge carriers with increasing Mn content. While the Mn substitution 
influences to the reduced electrochemical properties, the performance is of NdBa0.5Sr0.5Co2−
xMnxO5+ (x = 0.25 and 0.5) is still suitable and stable for cathode. Therefore NdBa0.5Sr0.5Co2−
xMnxO5+ (x = 0, 0.25, and 0.50) oxides can be a candidate materials for cathode of intermediate 
temperature fuel cells. 
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들, 아버지, 어머니, 착한 내 동생 현수, 현홍오빠 그리고 사랑하는 내 친구들. 여러분들
이 아니었다면 지금 이 순간을 볼 수 있었을까요? 앞으로 보다 밝고 따뜻한 제가 되도록 
노력할게요.  
 
항상 저를 생각하고 응원해주신 모든 분들께 다시 한 번 고개 숙여 깊이 감사 드립니
다.  
